Sustainable single-stage solid-liquid extraction of hesperidin and rutin from agro-products using Cyrene®
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Abstract  
[bookmark: _Hlk50068457]Hesperidin and rutin are two sought-after natural flavonoids, traditionally extracted from abundant natural citrus fruits and tea leaves using large amounts of ethanol or methanol solvent. Recent trends in extractions have focused on minimising the use solvent and creating simpler cost-effective processes. This study aims to apply the concept of chemical valorisation in the context of a circular economy, by using agro-industrial waste and bio-based alternatives to traditional solvents which are of environmental concern. We use minimum amounts of solvent/sample (5 mL/0,25 or 0.5 g) to extract the hesperidin and rutin in a single-stage solid-liquid extraction. Thirty individual solvents and HSPiP were applied to find the best solvents/blends for extraction. The type of solvent, sample preparation, maceration time and extraction temperature were studied. Results showed that the bio-based solvent Cyrene® is very effective when mildly heated to 65 ºC (up to 91%) or mixed with water. Adding water to Cyrene forms its geminal diol hydrate, this enhancing the solubility and extraction of hesperidin and rutin up to ten times than of the original pure ketone form. Quantitative sustainability metrics from the CHEM21 Toolkit demonstrated our extraction methodology is both environmentally friendly and offers future potential of isolation of other flavonoids.
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Introduction
[bookmark: _Hlk53080069][bookmark: _Hlk53080662]The 17 UN Sustainable Development Goals propose prosperity while tackling climate change and environmental protection.1 ‘’Zero hunger’’ and ‘’no poverty’’ goals go hand-in-hand with ‘’responsible consumption and production’’ and could be achieved by an increase in agricultural productivity, sustainable food production and preventing or minimizing food waste. Simply disposing of food waste is neither green nor sustainable nor is it an efficient way to manage this resource.1 Currently, food waste is either used as animal feed, ploughed back into the land, incinerated, composted, sent to anaerobic digestion and/or fermentation or disposed of in the landfill in many countries.2 The scale on which the food loss takes place is dependent on several factors that are individual to each country, region and type of agro-product. While in developed countries, food residues are caused mainly by commercial and consumer behaviour, agriculture-based countries such as Brazil have a substantial fraction of losses generated in food production, much of which consists of unavoidable waste.3 Nowadays food-associated industries are challenged to be more ecological, economical and innovative. Considering the movement towards sustainable development, led by UN’s Sustainable Development Goals, informed and monitored by Green and Sustainable Chemistry,4 potential arises from the use of unavoidable food residues in a sustainable chemical environment.5 The concept of waste biorefineries integrated into food processing factories to increase value within the food supply chain is one that is gaining interest. The Circular Economy Action Plan of European Commission proposes to revise the EU waste directive to better reflect the requirements of a circular economy and establish a waste hierarchy: prevention, reuse, recycling, recovery and disposal.6 Food residues contain several substances that can be used within or exterior to the food chain, especially biopolymers, platform chemicals and bioactive compounds.7 The extraction and formulation of biologically active substances from natural matrices have been garnering attention due to an increase in the demand on novel health-enhancing products, as well as preservatives for food and packaging industries.8 The Green Chemistry principles9 and the Principles of Green Natural Product Extraction10 promote the use of renewable feedstocks and bio-solvents in sustainable extractions. Such principles and activities aid in meeting the challenges of the 21st  century, to protect both environment and consumers. ‘’Green extraction is based on the discovery and design of extraction processes which will reduce energy consumption, allow the use of alternative solvents and renewable natural products, and ensure a safe and high-quality extract/product”.10 The authors have sought to define the green extract as ‘’obtained in such a way to have the lowest possible impact on the environment and whose eventual recycling would have been planned for (co-products, biodegradability)’’.10 
Brazil is the world leader in citrus production, with a corresponding associated citrus waste of 9.4 million tons per annum.11 This is principally from activities such as juicing the fruit, resulting in 50 wt% waste.12 Citrus peel waste represents a renewable feedstock for chemicals such as the  solvents d-limonene and p-cymene, as well as pectin, cellulose, bio-oil, sugars and flavonoids, such as hesperidin. Hesperidin can be found in a higher concentration in the citrus peels more than in juice or seeds13, 14 and presents inhibitory effect against the development of neurodegenerative diseases such as Parkinson’s, Alzheimer’s, Huntington’s diseases,15, 16 cardiovascular diseases and others, due to its anti-inflammatory, antioxidant, lipid-lowering and insulin-sensitizing properties.17, 18  Hesperidin has a strong affinity to the main viral and cellular targets outperforming antiviral drugs chloroquine (relatively toxic in high doses) and hydroxychloroquine (less toxic than chloroquine, but presents side effect of retinopathy).19 This could indicate hesperidin as a very promising prophylaxis and treatment drug for COVID-19 and its mutations, attracting a lot of recent interest.19-22
Like citrus, another globally consumed agro-product is tea, which had total worldwide production of 6.3 Mtons (2018).23 Green and black tea crops consist 98% of Camellia sinensis, a species that contain compounds such as catechins, quinic acid, kaempferol and derivatives of quercetin, like rutin.24 This flavonoid is useful in the treatment of vascular diseases (e.g. haemorrhoids,  internal bleedings and varicose veins)  and has potential to act as an antioxidant.25 Rutin has also been indicated recently as a potential SARS-CoV-2 inhibitor.26, 27 However, the major drawback associated with both hesperidin and rutin is their poor bioavailability because of their low aqueous solubility, limited membrane permeability or poor stability in an acidic environment.28, 29
Extracting hesperidin and rutin from plant sources has been demonstrated by conventional methods such as solid-solvent extraction,30-33 or Soxhlet extraction34,35 and non-conventional extraction procedures: microwave-assisted extraction,36 37 ultrasound-assisted extraction,38 solar hydro-distillation,39 enzymes40 and sCO2.41, 42 Among these processes, solid-liquid extraction is most common and is generally used as a reference against which to benchmark newly developed methodologies. Solid-liquid extraction represents the process where a solute is extracted using a liquid (maceration). The liquid enriches with active compounds (based on osmosis) and  disperses into the liquid via diffusion.43  The main objective of a solid-liquid extraction is to extract the maximum amount of the active compounds in the minimal volume of solvent. Generally, a single-stage extraction can not meet these conditions and a repeated (multistage) extraction is used.44 In many cases, large amounts of solvent are needed in multi-stage extractions and the yields of bioactive products obtained are low.45 One of the goals to increase the extraction yield is raising the solvent capacity to dissolve the compound of interest by changing temperature or mixing solvents. Extraction yield of any substance depends on solubility, therefore the choice of solvents used in extraction experiments must be performed according to analyte’s physical-chemical properties. Ethanol and methanol are most frequently used in organic solid-liquid extractions of hesperidin and rutin due to their availability and low cost. 28, 33, 46, 47 Ethanol is highly flammable, volatile and causes serious eye irritation. Methanol is also volatile and flammable yet more toxic than ethanol, causing kidney failure, permanent blindness by destructing the optic nerve and even death.48 Using the CHEM21 green solvent guide, methanol is ranked by CHEM21 as ‘’recommended’’, despite its health issues, because the current occupational exposure limits for methanol are relatively high.49 Ethanol and methanol are ranked as ‘’problematic’’ when they were scored for their safety, both of them being highly flammable. However, a ‘’recommended’’ overall score was given when the other scoring systems (health and environment) were considered. Cyrene is ranked as ‘’problematic’’ due to its high boiling point which means that Cyrene’s recycling is energy intensive.
The needs of modern society are protected by constantly revised chemical legislation and the EU’s regulation, REACH, which are adapted to identify and restrict the toxic or environmentally hazardous substances.50 Current regulations are urging industries to use bio-based solvents because they have low toxicity, they are environmentally benign and therefore classified as green solvents. When a bio-based solvent is used, the cycle of bio-based carbon is closed: at the end of life, if not recycled, these biobased compounds are usually incinerated or lost to the atmosphere as carbon dioxide, which in turn is fixed during photosynthesis, allowing for the carbon to be reincorporated back into bio-based solvents.6 In this study, we use a wide range of solvents, from alcohols to polar aprotic solvents and water and aim to find the solvent with a high yield and also environmentally friendly. In this study, we use for the first time the bio-based polar aprotic solvent Cyrene® in a solid-liquid extraction of hesperidin and rutin from citrus waste and tea leaves. Dihydrolevoglucosenone, Cyrene®, was first reported as a solvent by GCCE, University of York, UK in 201451 and is produced from cellulose, via levoglucosenone (Figure 1)51 using the highly selective Furacell™ process.52 
[image: ]
[bookmark: _Hlk55815700][bookmark: _Hlk55815678]Figure 1 - Scheme to manufacture Cyrene® using Furacell™ process. Adapted with permission from Richardson, D. E.; Raverty, W. D., Predicted environmental effects from liquid emissions in the manufacture of levoglucosenone and Cyrene (TM). Appita 2016, 69 (4), 344-351 and J. Mellentine, A. DeVierno, L.N. Grice, J. Whitford, Turning lignocellulose waste into solvent with lower carbon footprint, 252nd American Chemical Society National Meeting & Exposition, 2016.

Cyrene is a bio-based solvent with a higher density (1.25 g/mL) and a higher boiling point (227 °C), but less toxic than the traditional dipolar aprotic solvents N-methyl pyrrolidinone (NMP), N,N’-dimethylformamide (DMF) and N,N’-dimethylacetamide (DMAc). Cyrene successfully replaced the traditional and toxic aprotics in many applications such as organic syntheses, polymer production, graphene and carbon nanotubes dispersions, extractions and MOFs synthesis.51, 53-64 Cyrene is less toxic, it is biodegradable (99% in 14 days), presents no mutagenicity and it only causes eye irritation, receiving a European Chemicals Agency (ECHA) level 7 certification.57, 65 Recently, the biotechnology company Circa Group has received authorisation from ECHA to manufacture or import up to 100 tonnes/year of its bio-based solvent Cyrene in the European Union, after receiving REACH Annex VIII approval.66

Experimental section
Materials

The oranges were obtained from a local producer in São Paulo, Brazil. The fruits were unpeeled with a sharp knife, dried, milled and stored in a jar protected from the light and humidity. Black tea was purchased from a local supermarket, milled and stored until extraction. Deionised water (DI) was provided in-house by the laboratory. Pure standards of hesperidin and rutin and Cyrene® were purchased from Merck. All the other solvents used in this work were of reagent grade and supplied by the local lab at Federal University of São Carlos, Brazil.

Hansen Solubility Parameters to predict solvent-bioactive compounds interactions

Theoretical and empirical Hansen Solubility Parameters (HSPs) were used to calculate the best extraction parameters for pure solvents and their mixtures, applying different temperatures. This tool is the most used solubility model because of its simple formulas, easy illustration, and abundant reported data.67 Hansen Solubility Parameters (HSP) were chosen to predict the solubility of hesperidin and rutin in different solvents by mapping the three values (dispersion interactions δD, dipolarity δP and the hydrogen bonding ability δH) in a three-dimensional ‘’Hansen space’’.67, 68 
To test the solubility of hesperidin and rutin, 1 mL of each solvent was used to dissolve 1 mg of each compound (analytical standard). To calculate the empirical Hansen solubility parameters, scores from 1 to 5 were given based on the dissolution of the standards by visual comparison (see Figure SI 2). Solvents were given the score ‘’1’’ and ‘’2’’ showed a good solubility and hence a clear solution; scores ‘’3’’ and ‘’4’’ were given to samples which became cloudy and the score ‘’5’’ for the cloudy solutions with solids at the bottom of the vial. The obtained scores were inserted into the HSPiP software and an empirical Hansen Solubility Parameters sphere generated for each analyte, and their R0, δD, δP and δH are calculated. This spherical model (Hansen solubility sphere) defined by good solvents, leaving out the ones which did not dissolve the analyte. Therefore, it is possible to predict new solvents or mixtures, based on their Hansen parameters, which can dissolve the analytes (inside the sphere). Based on the Hansen sphere, the relative energy difference ‘’RED’’ can be calculated to determine the ability of a solvent to dissolve a solute. A RED ˂ 1 suggests a high solvent–solute affinity, a RED ˃ 1 suggests a low affinity, and a RED = 1 suggests the boundary condition. The RED is obtained according to the following equation:
[bookmark: _Hlk48841942]                                                                                                         (eq. 1)                                                                                                       
where ‘’R0’’ is the radius of Hansen sphere and ‘’Ra’’ is the distance from a given solvent position to the centre of the sphere centre (the core, the substance target). Ra can be calculated from the equation below:
          (eq. 2)           
The interaction radius (R0) is determined experimentally using a set of solvents with different solubility parameters. A good solvent has the Ra value smaller than R0 and a bad solvent Ra larger than R0 value. The best solubility is obtained when the distance between the solubility parameters of polymer and solvent is the smallest.  
As for binary and tertiary mixtures, weighted means are employed to calculate the δX of the resulting solvents for each parameter, taking in account the % (v/v) of substances, according to the following equation: 
                
                                                                                                                                (eq. 3)
where ‘’δX’’ represents Hansen parameters (δD, δP or δH) of the new binary solvent system; ‘’φ’’ is the volumetric fraction of each solvent and solvents ‘’A, B and C’’ stand for the solvents mixed. Note that for binary mixtures, the summand for solvent C is null. For calculating the optimum concentration in a mixture of two or three solvents, Microsoft Excel 2016’s “Solver” tool was used to determine the parameters to minimize Ra between the tested combination and the solute’s empirical Hansen Solubility Parameters, thus giving the optimal theoretical concentration of each solvent utilised in each mixture.

Hesperidin and rutin extraction from plant-derived sources

For hesperidin extraction in this study, a sample of 250 mg of orange peel waste was dispersed in 5 mL of the solvent and then stirred using a homogenizer (IKA Ultra-Turrax® T10 basic) for 2 minutes at 14,450 rpm and room temperature (RT extraction). The same procedure was used for rutin extraction from black tea, with 500 mg of biomass homogenised in 5 mL of solvent. 
Hot extraction was performed by heating the solid-solvent mixture at 65 ºC for 2 hours, then homogenised for 2 minutes at 14,450 rpm. The amounts of sample and solvent are as used above (250 mg of dried orange peel in 5 mL of the solvent for hesperidin and 500 mg of dried tea leaves in 5 mL of solvent for rutin).
A less energy-consuming technique was also tested for some of the solvent mixtures (fast-hot extraction), by heating the solvent up to 65 ºC and then adding it to the sample, followed by the same homogenisation procedure (2 minutes at 14,450 rpm).
The sample-solvent mixtures were centrifuged at 3100 g and 10 ºC for 10 minutes and filtered using a 0.45 µm PTFE filter for further analysis.

Quantitative characterisation by UHPLC

Liquid chromatography was used to detect and quantify the analytes hesperidin and rutin in extracts from orange waste and black tea, respectively. UHPLC (Ultra-High-Performance Liquid Chromatography) system Waters ACQUITY H-class UPLC® coupled with Photodiode Array UV (PDA) set to 280 nm (hesperidin) and 355 nm (rutin) was used with CSH C18 column (Waters,1.7 µm, 2.1x100 mm) and water (A) and methanol (B) mobile phase at 0.3 mL/min, column temperature of 35ºC (hesperidin) and 40ºC (rutin) and injection of 1 µL. The gradient elution for hesperidin was: 90% A, 0 min; 80% A, 2min; 72.5% A, 7min; 0% A, 8 min. The gradient elution for rutin was: 85% A, 0 min; 82.9% A, 7 min; 0% A, 8 min.
Calibration curves were prepared using analytical standards of hesperidin and rutin. 1.62 mg of hesperidin standard was weighed, dissolved into 5 cm3 of methanol (stock solution of 324 mg L-1) and further diluted to give 256, 188, 120 and 52 mg L-1 solutions. Rutin was weighed (2.75 mg) and dissolved into 2.75 cm3 of methanol, giving a stock solution of 1000 mg L-1, which was then diluted to give 500, 250, 100, 50 and 10 mg L-1 solutions. Standard solutions were injected into UHPLC system to give calibration curves for hesperidin (slope 4272.1; intercept -5822.9; R² 0.9986) and rutin (slope 4170.4; intercept -6344.1; R² 0.9986). The extraction yield was calculated using the following equation:
 							 		             (eq. 4)
where ‘’Y’’ is the extraction yield in mg g-1, ‘’C’’ is the concentration in mg L-1, ‘’v’’ is the extraction volume in litres and ‘’m’’ is the sample mass in milligrams.

CHEM21 – a quantitative green chemistry evaluator
This study describes an approach for applying green chemistry metrics, to evaluate the greenness of the new methodology for extraction of flavonoids. The CHEM21 toolkit ensures a holistic approach to metrics, permitting direct comparison of processes or syntheses.69 The toolkit allows the user to a) assess/demonstrate the ‘’green credentials’’ of their research, b) benchmark by giving a baseline to compare their results to, and c) monitor, measure and evaluate new methodologies to ensure that solving one problem does not give rise to others in the process.69 The key parameters of the metrics toolkit are life cycle assessment (LCA), solvents, renewability, health and safety, critical elements, catalysis, chemical of concern, waste, efficiency and energy.  

Results and discussion
Solubility tests and empirical HSPs

HSPiP 5th Edition 5.0.03 was used to find the best solvents to dissolve hesperidin and rutin based on their theoretical solubility parameters, with a predictive role only. Selecting appropriate extraction solvents by combining computer high throughput screening and experimental studies can save not only reagents, time and money, but contribute to creating innovative processes, including business models which need less material and energy for the same service. Thus, the design, development and utilisation of alternative solvents can contribute to both green and sustainable analysis and extraction in larger scales to obtain value-added products from natural sources, with excellent analytical efficiency criteria that mean the use of biobased and fully biodegradable materials.
The partial solubility parameters of the two bioactive compounds were created using the molecular descriptor SMILES and converted to HSP using the software HSPiP version 5.0.03 (see Figure SI 1). The parameters obtained for hesperidin and rutin were calculated as δD=19.6, δP=10.3, δH=13.9 and δD=19.6, δP=10.6, δH=10.4 respectively.
The candidate solvents from Table 1 were mapped in Hansen space after they were assigned scores based on in vitro test and the HSP spheres were calculated using HSPiP software (Figure 2a and b). The solvents used in this study were classified following the Chem21 green solvent guide.49 

[bookmark: _Hlk51762835]Table 1 – Solvents employed in this work, their polarity and classification according to Chem21 green solvent guide.49
	[bookmark: _Hlk51762794]Solvents polarity

	Polar protic
	Polar aprotic
	Non-polar

	1-Butanol (BuOH)
	Ethyl acetate
	Cyclohexane

	Ethanol (EtOH)
	Methyl Ethyl Ketone (MEK)
	Heptane

	Methanol (MeOH)
	Cyrene
	d-Limonene

	2-Propanol
	Acetonitrile (MeCN)
	Toluene

	Water (H2O)
	Dimethyl sulfoxide (DMSO)
	α-Pinene

	Acetic Acid
	Methylene Chloride (DCM)
	Hexane

	Acetic Anhydride
	Tetrahydrofuran (THF)
	1,4-Dioxane

	Ethylene Glycol (EG)
	Acetone
	Carbon Tetrachloride 

	Formic Acid
	Dimethylacetamide (DMAc) 
	Chloroform

	 
	Dimethylformamide (DMF)
	Diethyl Ether

	
	 
	Benzene

	 
	 
	 

	Recommended
	Problematic
	Hazardous
	Highly Hazardous




The hesperidin sphere calculated after mapping the solvents (Figure 2a) and the scores has the core values ±[1.25, 0.65, 0.50] and a fit of 0.956 and empirical Hansen parameters of δD=17.3, δP=21.2 and δH=18.1. DMSO has the smallest distance from the solute in the Hansen space (RED value of 0.713), suggesting the greatest affinity for hesperidin, followed by DMF, methanol, DMAc, ethylene glycol and formic acid. Although methanol and ethanol are widely used for the extractions, it is for the most part the polar aprotic solvents that come closest in proximity. Cyrene partially dissolved hesperidin at room temperature (Figure SI 3a in black circle), but fully dissolved it at 65 °C (Figure SI 3b in black circle), showing a clear solution. Ethanol is widely used to extract hesperidin and multiple stages of extraction are generally used, due to the partial solubility of hesperidin in this solvent. In the present study, ‘’good solvents’’ were considered to be only those which completely dissolved the analytical standards. Ethanol partially dissolves the analytical standards at room temperature or when heated up to 65 °C (Figure SI 3b) and the solution shows high turbidity. The table with the RED values of these solvents is seen in the Supplementary Material accompanying the manuscript (Table SI 1).
The Hansen sphere calculated for rutin has a fit= 0.995 and the core values ±[0.30, 0.85, 0.35]. The Hansen parameters of the solute, rutin, in this case, are δD=20.3, δP=13.5 and δH=18.3. In this case, HSP predicted DMF as the best solvent to dissolve rutin, with the smallest RED value (0.768), followed by DMSO, ethanol, ethylene glycol, DMAc, Cyrene, butanol and methanol (Table SI 2).

 
 

Figure 2 - Recommended solvents mapped in Hansen space with solubility sphere of hesperidin (a) and rutin (b)

A data fit of 1.0 and small values of the core are ideal.70 Both 0.956 and 0.995 are reasonable fit values for hesperidin and rutin. The core values represent the ± values for the δD, δP and δH parameters around the best fit which are considered ‘’close’’ to the best fit.67 The core values attempt to show how much the centre of the sphere can move in different directions without incurring high penalties. A good fit is considered ±0.25 in all three parameters, while a bad one at least ±0.75. The fit for hesperidin is bad with a large value (±1.20) of dispersion cohesion solubility parameter (δD). This means that the number of test solvents did not cover a wide-enough range in that parameter. A data fit could be improved to 1.0 ( with the good solvents are included in the sphere and all the bad ones are outside of it) by using the MVol correction. For hesperidin’s case, an MVol of 102.5 for Cyrene was manually introduced (Cyrene is not present in the actual data set) and the fit forced in the software. The value ‘’limit’’ 7 was the best in this case with a core ±[0.4, 0.65, 0.35] but with a worse fit, only 0.727 and a smaller sphere. The newly created sphere results in a number of good solvents outside the sphere (Figure SI 3).
[bookmark: _Hlk52982798]Being limited in the number of available solvents, another approach was explored. To improve the values of the core and the fit and find solvents with higher theoretical solubility for both analytes, mixtures of solvents primarily selected from the initial list were trialled. HSP was used to predict solvation behaviour for varying ratios of chosen solvents to find blends with high potential for this application. Binary and ternary systems were tested and added to the initial sphere. The full table of binary solvent systems and their optimal composition with their calculated Ra can be seen in Table SI 3. For the tertiary mixtures, those with Cyrene were preferred to test this unusual solvent ability combined with other compounds to give interesting solvent proprieties (Table SI 4). 
A new sphere (Figure 3a) has been created for hesperidin when the new binary solvent systems were added with new parameters δD= 15.54, δP=17.12, δH=13.66. For rutin (Figure 3b), the new sphere including binary solvent system has the following parameters δD= 21.74, δP=13.48, δH=19.70.
In this study, the mixtures of Cyrene and water were calculated as mixtures of the two individual solvents (Figures 3a and 3b). However, Cyrene’s geminal diol is produced when Cyrene reacts with water, hydrating the ketone58 The new resulting geminal diol has its own place in the Hansen sphere (Figures 3c and 3d), different than Cyrene-water mixtures calculated previously. HSPs of geminal diol was calculated using ‘’DIY’’ (Do It Yourself) tool of the same version of HPSiP (Figure SI 4). After introducing its SMILES string, the software calculated the Hansen parameters as: δD=19.4, δP=11.2 and δH=15.9.
The Ra distance between the individual solvents and the spere’s centre for hesperidin (δD=17.3, δP=21.2 and δH=18.1) and rutin’s (δD=20.3, δP=13.5 and δH=18.3) from Figure 2 are presented in Table 2:

Table 2 - The distance from the position of the individual solvents to the centre of the sphere centre (Ra) calculated for both hesperidin and rutin
	Hesperidin 
	
	Rutin

	Pure solvents
	Ra
	
	Pure solvents
	Ra

	DMSO
	9.5
	
	Cyrene's geminal diol
	3.78

	Cyrene's geminal diol
	11.07
	
	DMSO
	9.41

	MeOH
	11.13
	
	EtOH
	10.21

	EtOH
	12.82
	
	EG
	10.45

	EG
	12.92
	
	Cyrene
	11.6

	Cyrene
	14.45
	
	MeOH
	11.95

	Acetic Acid
	15.06
	
	Acetic Acid
	13.71

	Acetone
	15.9
	
	Acetone
	15.1

	MEK
	18.02
	
	MEK
	16.38

	Ethyl Acetate
	19.51
	
	Ethyl Acetate
	16.48

	d-Limonene
	23.81
	
	d-Limonene
	19.27

	H2O
	25.01
	
	H2O
	25.97



[bookmark: _Hlk40967018]Table 2 shows only the chosen greener solvents used in this study. The smallest Ra values for hesperidin are of DMSO, followed by Cyrene’s geminal diol. For rutin’s case, Cyrene’s geminal diol has the smallest distance, having the potential of being the best to dissolve rutin.


 
 

 
 

 
 

[bookmark: _GoBack]Figure 3 - The new Hansen spheres of hesperidin (a) and rutin (b) when adding the new mixtures of solvents (% v/v). Cyrene’s geminal diol was plotted with Cyrene-water mixtures separately for hesperidin (c) and rutin (d) to observe their distinct positions in Hansen space. New ternary mixtures of Cyrene/geminal diol/water (obtained from the same Cyrene-water mixtures from c) and d) have been included in Hansen sphere for hesperidin (e) and rutin dissolution (f). All mixtures are expressed in % v/v. 

HSPiP software can calculate fractions of different solvents in a mixture but does not predict the reactivity of the two individual molecules to generate a new one, hence different parameters and positions in Hansen sphere for mixtures of Cyrene-water and the geminal diol (Figures 3 c, d). The mixtures Cyrene-water contain a mixture of pure Cyrene, pure water and newly formed geminal diol, as a result of the reaction between the Cyrene and water (Section 3.3). The resulting ternary mixtures contain different concentrations of the three components (Table 3), as a function of the amount of water and Cyrene present in the mixture. The density of the geminal diol is unknown; we attempt to calculate the Hansen Solubility Parameters from the mole fraction of the constituents in the ternary mixture from Table 3 and the known Hansen parameters of Cyrene, water and geminal diol. As seen in Figures 3 e and f, when the new ternary mixtures are added, new spheres (with different scale) have been created for both, hesperidin and rutin, with bigger cores and new RED values for all the solvents and mixtures involved. A small sphere can be obtained if a ‘’limit’’ is applied; however, a larger sphere is advantageous if the user wants to find other viable solvents for hesperidin and rutin dissolution and extraction (bigger Hansen sphere, more solvents can fit inside of it). For rutin, the newly created sphere predicts geminal diol as the best solvent for its dissolution, with the smallest value RED (Table SI 9), while for hesperidin the DMSO-EG remains the best-predicted mixture.
The full tables for hesperidin and rutin with the mixtures of solvents and geminal diol with their Hansen parameters are shown in Tables SI 5 and SI 6. The Hansen parameters created for the three new ternary systems of Cyrene/geminal diol/water can be seen in Table SI 7 and SI 8. From all the shown solvent systems, the best pure, binary and tertiary solvents were tested further as extraction media for hesperidin from orange waste and rutin from black tea sample.

Extraction studies
The single-stage extraction experiments to obtain the selected bioactive compounds were performed using pure solvents listed in tables SI 1 and SI 2 and solvent mixtures off the tables SI 3 and SI 4. All the concentrations are expressed in % v/v. The results of the extractions of hesperidin from orange waste are shown in Figure 4. Ethanol-water mixture and Cyrene-water 70-30% were used in this study for comparative purpose; flavonoid glycosides are usually soluble in alcohol and water-alcohol mixtures due to polarity granted by the conjugated sugar molecules.71 
As seen in Figure 4, all Cyrene-water mixtures out-performed the 70% EtOH-30% H2O mixture (in black dashed circle), at room temperature and at 65 °C, up to three times. In a previous study, a 60-40% EtOH-H2O mixture showed a much lower yield of hesperidin, of only 2.7 mg/g after a solid-liquid extraction performed at 50 °C.72 The optimal hesperidin extracting experiments at room temperature are pure DMSO (30.58 mg g-1) and the mixtures MeOH-DMSO (30.10 mg g-1, Ra=7.48), DMSO-EtOH (29.73, Ra=9.01), followed by DMSO-EG (26.93, Ra=7.2), Cyrene-Acetic Acid-H2O (21.43, Ra=9.37) and 70% Cyrene-30% H2O (20.71, Ra=7.7). It was previously reported that DMSO showed three times higher yield than methanol and six times higher than ethanol from a solvent extraction process.46 The smaller the value of Ra was theoretically expected to be the solvent with the best result. Other factors contribute to the solubilization/extraction of the analyte, however, Ra values can be used to guide the search for efficient extracting media, as can be seen in results mentioned above. 

[image: ]
Figure 4 - The extraction yield of hesperidin (mg g-1) from RT, hot and fast hot extraction, determined using UHPLC compared to the ‘’standard’’ (70% EtOH-30% H2O mixture in the black dashed circle). All extractions are executed in one stage.
Cyrene presents a low extraction capacity, with only 3.23 mg g-1, due to its higher density (1.25 g cm-3). The viscosity of Cyrene is lowered by increasing the temperature (hot extraction and fast hot extraction methods) and mixing it with other solvents (3.4. section). The selected solvents for this test were pure Cyrene, EtOH-H2O, Cyrene-H2O and Cyrene- H2O-Acetic Acid. By increasing the temperature (hot extraction method), all the yields showed improvement (except for 70% EtOH-30% H2O disused in 3.4. section), with an increment of 91.3% for Cyrene, 42.1% for Cyrene-H2O-Acetic Acid, 29.1% for 50% H2O-50% EtOH and 13% for Cyrene-H2O when the process was carried out at room temperature.
To enhance the energy efficiency of hot extractions, the two-best hot-methodology experiments were selected for investigating a reduced time and energy-consuming method, named fast-hot extractions. For 70% Cyrene-30% H2O mixture, this method presented even better results showing that the extraction phenomena are not time-dependent for the solvent. Differently, Cyrene-H2O-Acetic Acid mixture decreased extraction yield compared to the two-hour experiment. The result for Cyrene-H2O mixture is comparable with pure DMSO and suggests that the latter pure solvent could easily be replaced by a mixture of another solvent with water. Moreover, when mixing Cyrene and water a new solvent is generated (discussed later in section 3.3) with improved properties than of pure Cyrene.
The results for rutin extraction from black tea are shown below (Figure 5). The best yields at room temperature are seen with Cyrene-water mixtures: 30% H2O-70% Cyrene (1.53 mg g‑1, Ra= 4.87) and 70% H2O-30% Cyrene (1.52 mg g‑1, Ra= 15.49). Interestingly, the mixture 30% H2O-70% Cyrene did not dissolve the rutin standard, gaining a score of 5 in Hansen space,  but has proved to be efficient in extraction from the dried tea leaves, probably due to the slightly heating of the sample during the homogenisation, which enhanced the dissolution of flavonoid in solution. It has been observed that rutin (standard) dissolves easily at a higher temperature (65 °C). The minimum yields achieved for this test are 63% Ethylene Glycol-34% Acetone (0.43, Ra= 8.18), Cyrene-MeOH (0.34, Ra= 7.95) and EtOH-Cyrene (0.09, Ra= 8.22). The contrasts between the yield and Ra values can be seen in rutin’s case too. The biggest difference can be seen in the case of Cyrene-water mixtures due to the formation of different geminal diols with distinct properties.33
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[bookmark: _Ref33116730]Figure 5 - The concentration of rutin (mg g-1) from room temperature (RT) extraction, “hot extraction” (65 ºC) and “fast hot” extraction determined using UHPLC. All extractions were realised in single stages.

Similar to hesperidin, hot and fast-hot procedures were employed for rutin extraction from black tea. Mixtures of Cyrene with MeOH, EtOH and H2O were investigated. 
At room temperature the mixtures Cyrene-H2O did not show differences in the extraction process (70% Cyrene-30% H2O - 1.53 mg g-1, as compared to 30% Cyrene-70% H2O - 1.52 mg g-1). On the contrary, increasing Cyrene’s content within a mixture in hot extraction results in increasing yield when Cyrene is in a higher amount than water (70% Cyrene-30% H2O - 1.69 mg g-1, as compared to 30% Cyrene-70% H2O - 1.17 mg g-1). This could result in the two-hour maceration time when the viscosity of Cyrene lowers down and the diffusion of the bioactive compounds into the 70% Cyrene in water is superior that in 30% Cyrene in H2O. This means that Cyrene is a better solvent than water in this case. When heating the same Cyrene-water mixtures in a fast-hot extraction, the inverse trend is observed, with 30% Cyrene-70% H2O - 1.74 mg g-1 superior to as compared to 70% Cyrene-30% H2O - 1.40 mg g-1. In this procedure, the maceration time is of only 2 minutes, when the bioactive compounds do not have enough time to diffuse from the solid into the mostly Cyrene mixture. In this case, the 70% H2O-30% Cyrene is showing superior extracting capacity than 70% Cyrene-30% H2O.

Water influence on hesperidin and rutin dissolution

When water is added to Cyrene, the extraction is improved for hesperidin and rutin (Figures 6 a and b). Improved dissolution properties Cyrene-water systems were previously reported for organic compounds such as caffeine, salicylic acid, ibuprofen, aspirin, ferulic acid and mandelic acid.58 In such systems, it has been shown that water reacts with Cyrene, in a readily reversible manner to form a germinal diol.58 In the present study, the Cyrene/water/geminal diol mixtures created a continuum of green solvents with controllable solubilisation properties for hesperidin and rutin. The mixtures of Cyrene and water extracted up to three times more hesperidin than pure Cyrene (Figure 6a). With rutin, a comparison could not be made due to the high viscosity of pure Cyrene, which did not filtrate through the membrane. However, both 30% and 70% Cyrene in water systems gave the extraction yields for rutin (Figure 6B).
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Figure 6 - The influence of water on dissolution and extraction of hesperidin (a) and rutin (b) using Cyrene®

As stated, the mixtures of Cyrene and water also contain and the newly formed geminal diol to give a ternary solvent system in different proportions. For the Cyrene water systems employed in this work, the relative molar loadings have been given in Table 3. As such, these different ternary systems affect the dissolution and extraction of flavonoids dramatically.
Table 3 - The concentration of Cyrene, water and geminal diol found in the mixtures Cyrene-water used in this study (30% Cyrene-70% H2O, 50% Cyrene- 50% H2O and 70% Cyrene-30% H2O). The values are calculated based on the data from Ref.58
	%v/v Cyrene in water
	wt% Cyrene in water
	Mol % 
Cyrene
	Mol % Geminal diol
	Mol % 
H2O

	30
	34.9
	0.74
	6.79
	92.47

	50
	55.6
	2.8
	13.17
	84.03

	70
	74.5
	17.54
	17.54
	64.91



The 70% Cyrene-30% H2O mixture dissolved and extracted hesperidin up to ten more times than pure Cyrene, which means that geminal diol formed in the solution is a better solvent than pure Cyrene. For rutin’s case, no massive difference is spotted between 30% Cyrene-70% H2O and 70% Cyrene-30% H2O at room temperature, which could mean that a maximum of 30% Cyrene in water is necessary to dissolve rutin. After this concentration, lowering the viscosity with increasing the temperature improves the extraction results. 
[bookmark: _Hlk53059355]Based on the published results, the geminal diol formation decreases with the increasing of temperature58 and Cyrene is favoured in a solution at 65 °C. 

Temperature influence on dissolution and extraction of hesperidin and rutin

To study the effect of higher temperatures in extraction yields of hesperidin from orange waste, a temperature of 65 °C was considered suitable for altering important physical-chemical properties of the solvents such as viscosity, miscibility and surface tension. The need for a higher temperature to dissolve hesperidin has been noted before.33, 71, 73  Previously, the authors have used this method to lower the viscosity of Cyrene in membrane fabrication technology, where the solvent interactions have dominated over the polymer-polymer interactions.54
The solubility of bio-active compound hesperidin was found to increase with temperature in all the solvents investigated. For mixtures involving ethanol and water, only 50-50% shows a slight increase in hesperidin extraction upon heating. For Cyrene, heating gives twice the yield than that at room temperature (Figure 4).
The Cyrene-water mixtures dissolve and extract the hesperidin from orange peel waste differently, depending on the amount of the two, with 70-30% Cyrene-H2O extracting the almost double amount of the hesperidin at room temperature (95.7% increase). The same Cyrene-H2O mixture is two times better than EtOH-H2O mixture when using the same concentration and temperature conditions. Cyrene-H2O improved the extraction capacity from 20.71 g kg‑1 to 23.43 and 29.21 g kg‑1 at higher temperature processes (Figure 6). Ethanol-H2O showed an insignificant increase of yield from 9.20 to 9.23 g kg‑1 at a higher temperature. This proves that the temperature has a superior impact on a mixture containing Cyrene due to its higher density than ethanol. This can be translated as lowering the viscosity with the increasing of temperature of Cyrene makes it a better solvent than ethanol.
Temperature-dependent solubility of bioactive compound rutin shows a similar trend as hesperidin, where the increased temperature improves the extraction capacity for mixtures where Cyrene is involved (Figure 5). The Cyrene mixtures with water, ethanol and methanol have shown up to eleven times better extraction capacity when heated up. The results obtained in the current study could be useful in greener crystallisation/purification methodologies and formulation development of bioactive compounds hesperidin and rutin.

Evaluation of greenness profile using CHEM21 Metrics Toolkit

CHEM21 metrics toolkit was used to measure the sustainability of the present method of extracting natural flavonoids. As ethanol has shown poor extraction ability in the present study, a previous environmentally friendly methodology using a mixture of ethanol and water (60-40% v/v)72 has been used as baseline here to direct comparison of the proposed method used in this study.
After showing potential at Zero Pass, the new method using Cyrene-water for hesperidin extraction, First Pass was used.69 The experimental of the baseline method and the method used in this study are shown in the Appendices 2 and 3 and the results are listed in Table SI 9.
Many of the metrics applied were designed for reaction chemistry, thus did not generate meaningful data, However as the new method of extraction of hesperidin from orange peel uses minimum quantities of dried sample and solvent compared to the established methodology, this was reflected in a number of metrics. A mass-based yield was determined from the reaction mass efficiency (RME) which is 0.27% for the ‘’baseline’’ method which uses ethanol-water mixture as extractor, compared to 2.92% for the new method using a mixture of Cyrene with water, making the newly discovered solvent mixture more efficient in hesperidin and rutin extraction. This is also born out by the PMI which shows a significantly lower mass input per g of hesperidin isolated for this method (805 g g-1) as compared to the base line (3237 g g-1).     
The key parameters of the metrics toolkit are life cycle assessment (LCA), solvents, renewability, health and safety, critical elements, catalysis, chemical of concern, waste, efficiency and energy. 
a) LCA process - LCA has been used to evaluate the quantity impact over the solvent’s life cycle. The Furacell™ process to produce Cyrene presents a global warming potential lower than NMP synthesis and is leading towards being greenhouse gas neutral (Figure SI 5).74 Circa Group has won the prestigious Environmental Leader award, top product 2019 for its bio-based and biodegradable solvent. Cyrene ‘’replaces an otherwise toxic substance with a natural, gentler alternative without compromising quality or function. This product has the potential to change the solvent landscape for the better”.75
b) Solvents - They are a critical issue as they constitute a large mass input in the process. In the current method only 5 cm3 Cyrene-water mixture was used. Coupled with improved extraction yield, this represents a significant reduction in process mass intensity (PMI) (Appendices 2 and 3 and Table SI 9).
c) Renewability - Solvent recovery and recycling can have a positive effect on the environment and a single solvent systems is favoured in this case.76 In the old method, ethanol can be easily recovered through a rotary evaporatioyn.72 Cyrene and water can be easily separated. However, the distillation of Cyrene is energy intensive and requires the application of significant reduced pressure in order to allow distillation at a low enough temperature to ensure thermal decomposition does not take place. 
d) Health and safety - It is mandatory under European law to assess for any explosion risk and classify the work area.77 Ethanol is widely used in many applications, but it is highly  flammable liquid and vapour (H225) and causes serious eye irritation. Also, ethanol is listed as T2 temperature class (‘’an explosive atmosphere is not likely to occur in normal operation but, if it does occur, will persist for a short period only’’)77 by ATEX (European Directives for controlling explosive atmospheres).  The solvent used in this study, Cyrene is 99% biodegradable, non-flammable, it has low-toxicity, no mutagenicity, although does cause eye irritation.52, 57 Water, however, is non-toxic. 
e) Waste - The wet waste can be reused to extract other chemicals after both extractions. 
f) Efficiency and energy - In this study a mildly heating of Cyrene-water mixture led to a higher efficiency in extractions of flavonoids (up to eleven times than the baseline method). Recovery through distillation however will result in increased energy demands.
As seen in Table S9, the raw material used in the ethanol-water method uses 5g per extraction, while in the proposed method of Cyrene-water, we use 20 times less material per extraction (250 mg). The higher power used for homogenisation in the case of Cyrene-water extraction process of 14,450 rpm combined with a very short time used (2 minutes) is more advantageous than a lower power for a longer time used in an old method (120 rpm for 4 hours). The drawback of using Cyrene in the extraction of hesperidin and rutin in this study is the increase of temperature to 65 °C and the time needed to heat up the solvents or the mixture of sample with solvents to this temperature. However, less time would be more advantageous and taken into consideration for future extractions. 
As with all green metrics analysis, the impacts of different methodologies need to be examined holistically. Although energy requirements are greater with Cyrene-water systems, the quantity of solvent used (PMI) renewability, waste and health and safety considerationsfor this process suggests it is greener than the current baseline. The use of the bio-derived Cyrene for extraction and water for analysing in the process is an important step towards improving the sustainability of the process.

Conclusions
[bookmark: _Hlk53482867]Based on the circular bio-economy concept, this work aimed at finding new paths towards the development of new methods for the analysis and extraction of valuable bioactive compounds present is plant-derived materials as agro-industrial waste, focusing on bio-based, more efficient, sustainable and greener solvents. We used in this study a new and simple process with a minimum amount of solvent in one-stage extraction which resulted in a high-quality extract. To evaluate the sustainability of the proposed methodology, CHEM21 metric tools were used in this study. The new single-stage extraction using Cyrene and mixtures with Cyrene showed up to three times better extraction capacity than using ethanol-water mixtures at the same conditions and up to eleven times when compared to an older methodology using ethanol-water mixture (29.2 mg/g for 70% Cyrene-30% H2O at 65 °C compared to 9.2 mg/g for 70% EtOH-30% H2O at RT or 65 °C and only 2.7 mg/m for a 60% EtOH-40% H2O at 50 °C). When using mixtures Cyrene and water, the results show an increase to ten times than using pure Cyrene the capacity due to the formation of geminal diols with distinct properties. A mildly increased temperature of pure Cyrene improved the capacity of extracting these bioactive compounds until 91%, due to changes in viscosity and matrix accessibility. Although, improving the energy efficiency of the process and reducing energy consumption are currently being considered.
In this study, Hansen’s solubility parameters have proved to be a useful tool to predict optimum solvents and mixtures of solvents for the solubilisation of natural products and their extraction from complex matrices, as orange waste and black tea. As a novel bio-solvent, Cyrene shows more than promising features useful for designing greener and more sustainable methods for crystallisation, purification, extraction and formulation of bioactive compounds from natural sources. As aimed, the application of HSP combined with the use of bio-based solvents as an alternative to replacing petroleum-based solvents and further experimental validation offered important advantages such as simplicity, rational use of time and resources, contributing to materialize a circular economy model in chemistry, keeping processes as simple as possible as well as promoting a reflection about the role of waste as starting material in the current and future industrial processes.
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Cyrene® extracts more hesperidin and rutin when blended with water and can be recovered and reused.
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